A yeast expression plasmid without an ATG codon for initiation of mouse a-amylase protein synthesis directs the synthesis and secretion of active enzyme indistinguishable from both native mouse a-amylase and amylase synthesized from plasmids with normal AT(3 initiation codons. The initiation of amylase synthesis directed by this plasmid is at either an AUC or an AAG codon. In either case the amino acid sequence of the hydrophobic core and peptidase cleaving region of the signal peptide are normal, and the protein translation remains in frame with the structural gene of the mouse a-amylase.
INTRODUCTION
Initiation of protein synthesis in eukaryotes is catalysed by a relatively large number of specific eukaryotic initation factors (eIFs) bringing about the formation of the 80S initiation complex composed ofmRNA, an 80S ribosome and met-tRNAi (l 3). Eukaryotic met-tRNAi differs from its prokaryotic counterpart by being associated with the 40S pre-initation complex before binding to mRNA (13) . This suggests that the cell has a requirement for met-tRNA~ during an early step of the initiation process leading to assembly of the 80S complex. The ability of the 40S complex to recognize an AUG initiation codon in proper context is probably dependent on codon-anticodon interaction. Among the important features (13) , the cap structure (mTG5'pppN) at the 5" end ofeukaryotic mRNA is essential for efficient initiation which usually occurs at the first AUG triplet downstream from the cap structure. From a survey of published DNA sequences it was concluded that the opti-A A mal context for initiation was 6NNAUGG where a purine in position -3 (three nucleotides upstream of the AUG initiator codon) is most highly conserved. Until recently it was generally believed that eukaryotic ribosomes initiate exclusively at AUG codons although it had been shown by RAJBHANDARY and GHOSH (24) that yeast mettRNAi may function with either AUG or GUG as initiation codon in a cell-free translation system from E. coli. At present, a few examples of non-AUG codons for initiation of protein synthesis are known from eukaryotes. In yeast cells UUG-and AUA-codons may be used in initiation of protein synthesis (34) but it is emphasized that the start codon must appear in a proper context. BECERRA et at. (2) have shown that the methionyl-tRNA dependent initiation ofadeno-associated virus (AAV) B protein starts from an ACG codon, and ANDERSON et al. (1) have shown that an ACG codon (replacing the AUG used in vivo to initiate the synthesis of Abbreviations: ADHI (PR) = alcohol dehydrogenase I (promoter); bp = base pair(s).
Springer-Verlag 0105-1938/87/0052]0083/$01.60 bacteriophage T7 gene 0,3 protein) may function as initiation codon in a wheat germ cell-free protein synthesizing system. In the present study a yeast plasmid directing the synthesis and secretion of low amounts of mouse salivary a-amylase has been sequenced in the region flanking the promoter and the cDNA coding for the secreted protein. It was found that the a-amylase coding region was without an ATG codon for initiation of translation. This example of a heterologous gene in yeast cells being expressed without an AUG initiation codon shows that yeast cells may use either AAG or AUC codons for translation initiation. The secretion level of a-amylase directed from this plasmid is low compared to plasmids with an ATG start codon. However, the pre-a-amylase synthesized from mRNA without an AUG codon is apparently processed and secreted in the same manner as a-amylase initiated from an AUG codon.
MATERIALS AND METHODS

Strains and media
E. coil K-12 strain JM101 (17) was used to propagate M 13mp phage vectors as described by MESSING (18) . Otherwise the E. coli K-12 strain JM83 (17) was used as host in bacterial cloning experiments as described by VIEIRA and MESS-ING (30) . The Saccharomyces cerevisiae strain DBY746 (29) was grown in either YPD or SC media (22) .
Enzymes and chemicals
Radioactive nucleotides were purchased from New England Nuclear. All enzymes as well as deoxy-~nd dideoxynucleotides were from Boehringer Mannheim.
Plasmids and DNA purification
The yeast expression plasmid, pMA56, was kindly provided by Dr. B.D. HALL, University of Washington, Seattle, USA. pMS 15 was one of several plasmids constructed by inserting a mouse a-amylase cDNA gene behind the ADH! gene promoter of plasmid pMA56 (29) .
Recombinant plasmids were recovered from yeast cells as follows. Total DNA was prepared as described by STRUHL et al. (28) . After incubation with RNase A, the DNA samples were extracted twice with an equal volume of phenol and once with chloroform, precipitated from 70% ethanol, washed, and resuspended in 10 mM-Tris-HCl, 1 mM-EDTA (pH 7.5). This solution was used to transform competent E. coli JM83 cells. E. coli plasmid DNA was prepared by the method of BmNBOIM and DOLV (3) which for large scale preparations was followed by caesium chloride equilibrium centrifugation. Purification of specific DNA fragments from low melting temperature agarose gels was carried out as described by MANIATlS et al. (16) .
Transformations
Transformation ofE. coli with plasmid DNA was performed as described by COHEN et al. (8) . Yeast cells were transformed according to the method OfITo et al. (12) using lithium acetate to induce competence. Yeast transformants were selected on SC medium without tryptophan and cells secreting a-amylase were detected on similar medium supplied with 1% starch (29).
DNA sequence determination
The nucleotide sequence of the a-amylase cDNA gene (9) and its 5' flanking regions was determined by the dideoxynucleotide chain termination method of SANGER et al. (25, 26) except that the elongation reaction temperature was 55 ~
Activity staining of secreted a-amylase
Yeast cells grown in liquid medium were spun down. The supernatant was concentrated and dialysed in an Amicon ultrafiltration unit. Nondenaturing electrophoretic separation of the concentrated supernatant polypeptides was carfled out in 13% polyacrylamide gels using a Tris-glycine buffer system, pH 8,3 (14) .
Amylase activity was visualized by incubating the gels for 2 hours at 37 ~ in a 50 mM-phosphate buffer (pH 6,9) containing 4% starch and 0,08% NaCI (4, 27) . After rinsing in water the 
RESULTS AND DISCUSSION
This report presents results of the analysis of an aberrant plasmid among a series of plasmids directing different levels of a-amylase secretion from yeast ( Figure 1 ). The plasmids were constructed by inserting Bal31 exonuclease treated a-amylase eDNA in the yeast expression vector pMA56 using EcoRI linkers (29) .
Among these plasmids one, pMS 15, gave rise to low level of amylase secretion from yeast. It was chosen for further analysis and the nucleotide sequence flanking the ADHI gene promoter and the a-amylase cDNA was determined. In Figure 2 the nucleotide sequence is shown in comparison with the sequence of the analagous region from plasmid pMSI2 which directs high level of amylase secretion from yeast cells. While plasmid pMS 12 contains a complete a-amylase coding region the nucleotide sequence found in pMS15 seems to represent an aberrant cloning event where the a-amylase eDNA has been inserted in the vector via an EcoRI* site present in position +5 of the coding region, i.e. within the second codon.
The sequence specificity of EcoRI* activity is not quite clear, but the activity may be induced as a result of increased glycerol concentration in the reaction mixture (6). POLISKY et al. (23) observed EcoRI* activity under conditions of elevated pH and low ionic strength. They suggest that EcoRI* cleaves between the first and second base of the sequence NAATTN thereby generating the same type of 5' protruding ends as normal EcoRI digestion. During the construction of the pMS plasmid series a 30 fold molar excess of EcoRI linker was used; subsequently the linkers were digested with EcoRI using standard conditions. Yet it seems that a few EcoRI* sites were cleaved. The generated restriction fragments were cloned in the EcoRI site of the vector pMA56. However, this aberrant cloning event might have happened during subcloning of the 5' EcoRI fragment of the cDNA in preparation for sequencing, inferring that the yeast cells might contain an intact 5' EcoRI fragment. Therefore, non-EcoRI restriction fragments flanking the promoter and the cDNA were isolated from pMS 15, subcloned in M 13 and the nucleotide sequences determined (Figure 3) . The results from this analysis showed that the sequence previously derived was not an artifact introduced during subcloning.
Further evidence for plasmid pMS15 directing synthesis of a-amylase in spite of missing the ATG initiation codon was obtained by isolating the plasmid from yeast cells. The nucleotide sequence of the DNA fragment of interest was determined and it was found to be identical with the originally obtained sequence.
A functional in vivo control test was also performed. The BamHI-ClaI fragment including the ADHI gene promoter and most of the a-amylase cDNA (Figure l) in pMSl5 was replaced by the analagous fragment from pMS 12. The new recombinant plasmid pMS 12-15 directs an a-amylase secretion level comparable to pMS 12 ( Figure 4) . A plasmid constructed by the reciprocal exchange of fragments, pMS 15-12, directs an a-amylase secretion level comparable to pMS 15 ( Figure 4) .
The a-amylase from concentrated yeast culture supernatants was analysed in non-denaturing polyacrylamide gels ( Figure 5 ). Zones of amylase activity were revealed by iodine staining after incubating the gel in a 4% starch solution. The gel system used for this analysis is very sensitive. It has been used to separate mouse pancreatic a-amylase isoenzymes (10) which subsequently have been shown to differ only by one neutral amino acid (5) . The amylase banding patterns from pMS 12 (a plasmid construction with normal ATG initiator codon) and pMS 15 are indistinguishable from that of mouse salivary a-amylase. The occurrence of multiple bands of a-amylase activity may be due to glycosylated and unglycosylated forms of the a-amylase enzyme. These results indicate that plasmid pMS 15 directs transcription of an mRNA encoding a-amylase with a signal peptide which is cleaved offin the same position as in native mouse a-amylase.
Two ATG triplets are located in the ADHI gene promoter 189 and 251 bp upstream from the cDNA gene. Both these ATGs are in frame with a TAA stop codon and cannot be used for a-amylase synthesis. In the normal a-amylase cDNA the second ATG codon is located 288 bp downstream from the initiation codon.
From a survey of available sequence data KOZAK (13) found that functional initiator codons in eukaryotic cells occur in a restricted c N N A U G c is most sequence context where A A frequently observed. Applying this observation on the potential initiation codons in frame with the coding sequence of a-amylase (Figure 2 and Figure 6 ) it may be seen that all potential initiation sites have an A in position -4. The sequence pMS 15-I with ATC as potential initiation codon resembles the normal sequence in pMS 12 and the consensus most. It is not believed that other initiation codons than those shown in Figure 2 and Figure 6 are used because peptide synthesis does not occur ifa codon-anticodon recognition mismatches by two or three nucleotides (19) .
A polypeptide initiated from one of the three proposed initiation codons shown in Figure 2 and Figure 6 can clearly be precursor of a secreted protein (32, 33) and indeed each of the amino acid sequences shown in Figure 7 has the essential characteristics of a signal peptide: A variable N-terminal sequence followed by a core of hydrophobic amino acids preceeding the site at which the signal sequence region is cleaved off from the mature protein. The only difference among the putative signal peptides is the N-terminal part, but this region is highly variable in secreted proteins (32, 33) . All have the hydrophobic core as well as the region around the site for signal peptidase cleavage in common with normal pre-a-amylase. An unfavourable aspect is the glutamic acid residue between the N and the core region of each putative signal peptide but that has been found in other eukaryotic signal peptides as well (32, 33) . None of the three aligned signal peptides has a net negative charge, which, in E. coli, is known to be detrimental to translation (11, 31) .
Misreading of genetic information is believed to take place at a low frequency either due to incorrect aminoacyl-tRNA selection or due to improper codon-anticodon recognition. Several suppressor tRNA genes are known (7, 15, 20, 21) , and one cannot exclude that methionine is the N terminal amino acid in the signal peptide synthesized from pMS 15. Thus, the main diffe- rences between the signal peptides that may be synthesized from pMS15 and the authentic signal peptide, spl 2, is the length of the amino terminal region and the glutamic acid residue already mentioned. From the alignment of the signal peptides in Figure 7 it is not possible to predict which initiation codon is used by the translation apparatus, but translation of mRNAs (transcribed from a transcription plasmid) in a yeast homologous translation system followed by N-terminal amino acid analysis of produced ~t-amylase protein should make such a determination possible.
BECERRA et al. (2) speculate that use of non-AUG as initiation codon for translation of the AAV-B protein could regulate the relative synthesis of proteins B and C in vivo if these proteins are translated from the same mRNA. Assuming the initiation signal for AAV-B protein (initiation codon ACG) is weak compared to the signal for AAV-C protein (initiation codon AUG), then it would be possible for the cell to obtain a fixed ratio of B protein/C protein.
Analagous control systems may operate in yeast cells. Perhaps the sequence context around one -or more -of the non-AUG initiation codons reported on here is homologous to sequences in the yeast genome where translation initiation events are regulated in a way comparable to synthesis of AAV-B and AAV-C proteins. 
